P21-activated kinase 1 (PAK1) is associated with colon cancer progression and metastasis, whereas the molecular mechanism remains elusive. Here, we show that downregulation of PAK1 in colon cancer cells reduces total b-catenin level, as well as cell proliferation. Mechanistically, PAK1 directly phosphorylates b-catenin proteins at Ser675 site and this leads to more stable and transcriptional active b-catenin. Corroborating these results, PAK1 is required for full Wnt signaling, and superactivation of b-catenin is achieved by simultaneous knockdown of adenomatous polyposis coli protein and activation of PAK1. Moreover, we show that Rac1 functions upstream of PAK1 in colon cancer cells and contributes to b-catenin phosphorylation and accumulation. We conclude that a Rac1/PAK1 cascade controls b-catenin S675 phosphorylation and full activation in colon cancer cells. Supporting this conclusion, overexpression of PAK1 is observed in 70% of colon cancer samples and is correlated with massive b-catenin accumulation.
Introduction
Wnt/b-catenin signaling controls the fundamental cellular processes, including proliferation, during tissue homeostasis and its aberrant activation is implicated with a wide range of human cancers (Polakis, 2000; Logan and Nusse, 2004; Moon et al., 2004; Clevers, 2006; MacDonald et al., 2009) . b-catenin is the major cellular effector of the Wnt signaling and is normally captured by the destroy complex made of axin, APC (adenomatous polyposis coli protein), glycogen synthase kinase-3b and casein kinase 1a and promoted for proteasome degradation after phosphorylation and ubiquitination (Polakis, 2002; MacDonald et al., 2009) . In this complex, axin serves as a scaffold facilitating multiple protein-protein interactions. Casein kinase 1a and glycogen synthase kinase-3b sequentially phosphorylate N-terminal residuals of b-catenin and this creates the recognizing motif for the E3-ligase b-Trcp. APC is also crucial for capture of b-catenin in the degradation complex and it binds b-catenin directly via its centrally localized armadillo repeats (Xing et al., 2004) . Upon Wnt activation, accumulated b-catenin enters the nucleus and binds to the TCF/LEF family transcriptional factors and induces the expression of its target genes (Moon et al., 2004; Mosimann et al., 2009) . The key event of both Wnt signaling transduction and cancerous cell proliferation is the regulation of b-catenin stability and activity. In addition to its N-terminal residues, Ser552 (Fang et al., 2007) and Ser675 (Hino et al., 2005; Taurin et al., 2006) of b-catenin have also been identified as potential phosphorylation sites and may affect its signaling activity or protein stability.
Colorectal cancer is the most extensively investigated Wnt-related cancer, as mutations on APC or b-catenin account for the vast majority of cancer samples (Ilyas et al., 1997; Giles et al., 2003) . In either case, elevated b-catenin was observed and demonstrated as being responsible for cancer progression (Bienz and Clevers, 2000; Valentini et al., 2003; Phelps et al., 2009 ). However, it was argued recently that APC mutation alone probably is not sufficient to promote full b-catenin signaling (Anderson et al., 2002; Phelps et al., 2009) . Mutation of K-Ras was often observed in more advanced colon cancer samples and it was suggested that a K-Ras/Rac1/ JNK2 cascade may further enhance b-catenin nuclear accumulation by JNK2-mediated phosphorylation of b-catenin at Ser191 and Ser605 (Wu et al., 2008; Phelps et al., 2009) . However, Rac1 was also found being able to elevate cytosolic, as well as nuclear levels of b-catenin (Esufali and Bapat, 2004) . We thought to investigate whether another downstream effector of Rac1, P21-activated kinase (PAK), was involved. In supporting this hypothesis, both Rac1 and PAK1 were found overactivated in colon cancer samples (Esufali and Bapat, 2004; Kumar et al., 2006; Dummler et al., 2009) .
PAKs are serine and threonine protein kinases, which are important for cell motility as well as survival (Bokoch, 2003; Arias-Romero and Chernoff, 2008) . Group I PAKs (PAK1, PAK2 and PAK3) were initially identified as effectors of the small GTPases Cdc42 and Rac1 (Manser et al., 1994) , but could also be activated by diverse pathways (Bokoch, 2003; Kumar et al., 2006) , whereas Group II PAKs (PAK4, PAK5 and PAK6) were identified more recently with their regulation less understood (Wells and Jones, 2010) . PAKs have oncogenic functions in a broad range of cancers and their over-activation have been well documented (Kumar et al., 2006; Dummler et al., 2009; Molli et al., 2009) . For example, PAK1 phosphorylates Merlin at Ser518 and inhibits its activity in neurofibromatosis (Xiao et al., 2002; Rong et al., 2004) . PAK1 also phosphorylates estrogen receptor a at Ser305 to stimulate target genes transcription and mammary gland hyperplasia (Wang et al., 2002) . In colon cancer tissues, elevated PAK1 expression was correlated with cancer progression and lymph node metastases (Carter et al., 2004) . However, little was known about the molecular mechanism by which PAK1 promotes colon cancer progression. There were evidences showing that PAK1 was associated with b-catenin in gastric epithelial cell line (He et al., 2008) and that PAK1 downregulation blocked insulin-stimulated nuclear b-catenin accumulation (Sun et al., 2009) . These results promoted us to address whether PAK1 drives colon cancer progression via Wnt/b-catenin signaling.
Results

PAK1 is required for proliferation of colon cancer cells
In order to clarify the role of PAK1 in colorectal cancer cells, we applied several strategies to inhibit endogenous PAK1 activity in SW480 or HCT116 cells and then measured cell proliferation using colony formation assay and flow cytometry. First, stable expression of a dominant negative (DN) PAK1 (GFP-PAK1-K299A) in SW480 cells significantly inhibited colony formation and caused moderate G1 phase arrest (Figures 1a-c) . Second, knocking down of PAK1 in SW480 cells by expressing short hairpin RNA (shRNA) resulted in similar effects (Figures 1d-f) . Third, IPA-3, a recently identified allosteric PAK inhibitor (Deacon et al., 2008) , was able to dramatically inhibit colony formation of HCT116 and SW480 cells in a concentration-dependent manner (Figures 1g-i ). Taken together, these results indicate that downregulation of PAK1 protein or its activity inhibits cell proliferation, suggesting that PAK1 has a pivotal role in promoting proliferation of colon cancer cells. Figure 2A) . To ascertain this result, we monitored b-catenin levels in stable SW480 cell lines expressing PAK1 K299A or PAK1 shRNA.
Consistently, b-catenin staining in these cells was significantly weaker (Figures 2a and c) and total b-catenin protein level was markedly reduced, together with lower cyclin D1 (Figures 2b and d) . The reduction of b-catenin protein was transcription independent, as its mRNA level was unchanged in DN-PAK1 expressing cells (Supplementary Figure 2B) . Next, we examined whether IPA-3 was able to reduce b-catenin level in colon cancer cells. IPA-3 of 30 mM was added into the SW480 culture and the cells were harvested at different time points. Upon IPA-3 treatment, the b-catenin level became lower in 6 h and cyclin D1 was also gradually downregulated ( Figure 2e ). In another experiment, SW480 cells were treated with increasing concentrations of IPA-3 for 12 h. As shown in Figure 2f , the levels of total b-catenin, as well as cyclin D1, were significantly reduced by 20 mM or higher concentrations of IPA-3. An inactive form of IPA-3, PIR3.5, was applied to SW480 culture for 12 h and no b-catenin reduction was observed (Supplementary Figure 2C) . Figure 2D ). All together, these results indicate that endogenous PAK1 is required to maintain high level of b-catenin in these colon cancer cells and suggest that PAK1 promotes cell proliferation likely via b-catenin.
PAK1 interacts with and phosphorylates b-catenin at S675 To address the mechanism by which PAK1 regulates the protein level of b-catenin, we first performed coimmunoprecipitation experiments and found that endogenous b-catenin was specifically co-precipitated with PAK1 from SW480 cells (Figure 3a ). Co-immunoprecipitation after cell fractionation further demonstrated that the interaction between PAK1 and b-catenin mainly occurred in the cytoplasm (Supplementary Figure 2E) . Next, we scanned b-catenin protein sequences from several species and identified two conserved serine sites (S552 and S675) as potential PAK1 targets according to the optimal recognizing sequence of PAK1 (RRRRRSWYFS) (Rennefahrt et al., 2007; AriasRomero and Chernoff, 2008) . We then co-transfected Flag-b-catenin together with various PAK1 or Rac1 constructs and verified whether any of them was capable of promoting b-catenin phosphorylation, using commercially available antibodies against Phos-S552 or Phos-S675. Rac1 was included, as it functions upstream of PAK1. Forskolin, a potent activator of PKA, was used as a positive control (Hino et al., 2005; Fang et al., 2007) . As expected, both S552 and S675 were heavily phosphorylated upon forskolin treatment (Figure 3b ). To a similar extent, wild type (WT) and constitutive active (CA) forms of PAK1 and Rac1 were all able to induce b-catenin phosphorylation specifically on S675, but not S552, whereas DN forms were not ( Figure 3b ). S675 phosphorylation by PAK1 or Rac1 was specific, as PAK2 was non-effective (Supplementary Figure 2F) . The CA PAK1 and Rac1 also enhanced S675 phosphorylation on b-catenin S37A, a stabilized mutant, and again, S552 was not affected (Figure 3c ). To determine whether PAK1 could directly phosphorylate b-catenin, we performed in vitro kinase assay in which immunoprecipitated PAK1 proteins from transfected HEK293T cells were incubated with GST-b-catenin purified from E. coli. S675 was highly phosphorylated by CA-PAK1, weakly by WT-PAK1, but not by DN-PAK1, whereas S552 was not phosphorylated at all (Figure 3d ). Hence, PAK1 is able to specifically phosphorylate Ser675 of b-catenin.
We next investigated whether PAK1 activity contributes to S675 phosphorylation in colon cancer cells. As shown in Figures 3e and f, in SW480 cells expressing DN-PAK1 or shRNA against PAK1, the level of S675-phosphorylated b-catenin was drastically diminished, accompanied with reduced total b-catenin level. Importantly, the relative ratio of Phos-S675 against total b-catenin was clearly reduced, indicating that PAK1 is required for S675 phosphorylation in colon cancer cells. By contraries, CA PAK1-T423E, when transfected into SW480 cells, enhanced S675 phosphorylation as well as total b-catenin level, accompanied with a higher cyclin D1 expression ( Figure 3g ). Immunofluorescence assay demonstrated that the staining of phos-S675 b-catenin was very strong in SW480 cells (Supplementary Figure 2G) , indicating that S675 of b-catenin had been heavily phosphorylated. Over all, these results indicate that PAK1 contributes to b-catenin S675 phosphorylation in colon cancer cells.
Our gain-and loss-of-function results all indicated that PAK1 activity controls cyclin D1 level, consistent with previous reports (Balasenthil et al., 2004) . Next, we asked whether it controls cyclin D1 expression through b-catenin signaling. A cyclin D1 promoter-driven luciferase reporter was used to monitor the regulation of cyclin D1 expression in HCT116 cells. As shown in Figure 3h , CA-PAK1 was able to activate cyclin D1 promoter and this activity relied on endogenous b-catenin signaling, as it was blocked by DN-TCF4. Taken together, these results suggest that PAK1 enhances b-catenin level/activity through S675 phosphorylation in colon cancer cells.
S675-phosphorylated b-catenin is more stable and transcriptionally more active
To verify the functional relevance of S675 phosphorylation, we created S675A (serine to alanine) and S675D (serine to aspartic acid) mutants, which mimicked unphosphorylated and phosphorylated forms, respectively. Immunofluorescence assay indicated that the mutant b-catenin proteins retained the same cellular localization as the WT (Supplementary Figure 3A) , excluding the possibility that phosphorylation of S675 might alter its subcellular localization. Protein stability was directly tested in cycloheximide-treated cells and the results indicated that S675D is indeed more stable than WT or S675A mutant (Supplementary Figure 3B) . Consistently, ubiquitination of S675D mutant was clearly much weaker than that of WT-and S675A-b-catenin (Supplementary Figure 3C) . In order to confirm that PAK1 regulate b-catenin level via S675-phosphorylation-mediated stabilization, we tested whether PAK1 is capable of modulating b-catenin ubiquitination. As shown in Figure 4a , the basal ubiquitination of b-catenin in the presence of MG132, a proteasome inhibitor, was significantly reduced by co-transfected WT-and CA-PAK1, but enhanced by DN-PAK1. As certain portions of b-catenin were phosphorylated at S675 in SW480 cells (for example, Figures 3e-g ), we examined whether these b-catenin proteins are free from ubiquitination and degradation. Total or S675-phosphorylated b-catenin was immunoprecipitated from SW480 cells using specific antibodies and normalized to equal amounts of total b-catenin. As shown in Figure 4b , the phos-S675 b-catenin was almost free from ubiquitination and this result provided compelling evidence that S675-phosphorylated b-catenin is more stable than non-phosphorylated ones. As b-catenin is ubiquitinated via b-Trcp E3 ligase, we also tested its interaction with WT-, S675A-and S675D-b-catenin.
The results indicated that S675D-b-catenin bound less b-Trcp (Figure 4c ), consistent with it being less ubiquitinated. Whereas the interactions between b-catenin mutations and APC, glycogen synthase kinase-3b or axin were with no significant difference ( Supplementary  Figures 3D-F) . These data strongly suggest that S675 phosphorylation has an important role in enhancing b-catenin stability and PAK1 stabilizes b-catenin through S675 phosphorylation in colon cancer cells.
In addition to protein stability, S675 of b-catenin has been reported to be associated with transcriptional regulation (Taurin et al., 2006) . However, more detailed information about how S675 regulates transcriptional activity of b-catenin remains elusive. In the Wnt reporter assay, S675D is much stronger, whereas S675A is weaker than the WT-b-catenin, when they were expressed at similar levels (Figure 4d) . Also, S675D is more active in promoting reporter gene expression under the control of cyclin D1 promoter (Supplementary Figure 4A) . To explore the underlying mechanism, we verified whether S675-phosphorylation influenced the formation of b-catenin-dependent transcriptional complexes. Immunoprecipitation experiments indicated that all three types of b-catenin bound to TCF4, as well as LEF-1, to a similar extent (Supplementary Figures 4B and C) . However, HDAC1, a general transcriptional repressor involved in canonical Wnt signaling (Billin et al., 2000) , exhibited significantly reduced interaction with S675D, but a slightly enhanced binding with S675A b-catenin (Figure 4e ). Consistent with this result, CA-PAK1, but not the DN-PAK1, was able to almost completely block b-catenin/HDAC1 interaction (Figure 4f) .
Together, these results indicate that S675-phosphorylated b-catenin is more stable due to less ubiquitination and is more active in transcription due to enhanced CBP (Taurin et al., 2006) , but reduced HADC interactions. These results suggest that PAK1, via phosphorylating S675, strengthens b-catenin in transducing Wnt signaling.
Rac1 controls b-catenin level and phosphorylation through PAK1
Rac1 is able to enhance b-catenin phosphorylation on S675 (Figure 3b ), we therefore addressed whether it controls b-catenin level in SW480 cells. Similarly, Rac1 was silenced by specific small interfering RNA (siRNA) and total b-catenin level was monitored by immunostainning and western blot. The results indicated that total b-catenin level was clearly reduced (Figures 5a  and b ). In comparison with the PAK1-knockdown cells, nuclear b-catenin staining was further reduced in Rac1-knockdown cells (compare Figures 5a and 2c ) and this is consistent with the previous report that Rac1/JNK2 controls b-catenin nuclear localization (Wu et al., 2008; Phelps et al., 2009 ). In addition, NSC23766, a Rac1 inhibitor, was also able to reduce total b-catenin in SW480 cells (Figures 5c and d) . As expected, the levels of S675-phosphorylated b-catenin and cyclin D1 were also reduced (Figures 5b and d) . These results suggest that Rac1 is also required to keep high level of b-catenin accumulation in SW480 cells, in addition to promoting its nuclear localization. To further demonstrate that activated Rac1 is indeed able to enhance b-catenin accumulation, we transfected CA Rac1 (GFP-Rac1 V12) into SW480 cells and examined its effects on b-catenin. As shown in Rac1/PAK1 and b-catenin in colon cancer G Zhu et al Figure 5e , the S675-phosphorylated and total b-catenin were both upregulated. Epistatically, Rac1 modulate b-catenin via PAK1, as siRNA against PAK1 was able to block Rac1-induced S675-phosphorylation on b-catenin (Figure 5f ). Together, these results suggest that a Rac1/PAK1 cascade is required in maintaining high level of b-catenin accumulation in SW480 cells.
Rac1/PAK1 activation and b-catenin accumulation
Mutations or truncations of APC are frequent in colon cancer Morin et al., 1997) , which is the major genetic abnormality leading to ectopic b-catenin accumulation. To further demonstrate that Rac1/PAK1 controls b-catenin stability, we thought to reconstitute this cooperative activity between loss of APC and activation of Rac1/PAK1 in HEK293T cells. Wnt signaling was slightly activated upon knockdown of APC or overexpression of CA-PAK1; however, a much stronger signaling was observed when both were applied (Figure 6a ). Consistently, CA-PAK1 further elevated protein levels of b-catenin in both cytosolic and nuclear fractions after APC knockdown (Figure 6b ). We further tested CA-Rac1 in the Wnt reporter assay in APC-siRNA-transfected cells and observed similar cooperation (Figure 6c ). Importantly, DN-PAK1 could significantly block Rac1-induced Wnt signaling in APC knockdown cells (Figure 6c ). These results demonstrate that the Rac1/PAK1 cascade is able to enhance Wnt signaling in APC mutant cells, such as in colon cancer tissue.
In order to establish a link between PAK1 activation and b-catenin accumulation in human colon cancer, we scanned 30 samples of colon cancer tissue and corresponding paracancerous tissue, with their expression and localization of PAK1 and total b-catenin, using immunohistochemistry. More than 70% of tumor samples (22/30) showed significant overexpression of PAK1, compared with corresponding paracancerous tissue (Figure 6d and Supplementary Table S1), which was consistent with previous report (Carter et al., 2004) . In paracancerous tissue, b-catenin was only detected at the cell membrane, whereas in more than 90% (28/30) cancer samples, cytosolic and nuclear b-catenin staining were evident. Among these cancer samples, a significant correlation was observed between PAK1 overexpression and massive b-catenin accumulation (Supplementary  Table S1 ). These results support our conclusion that overexpressed PAK1 contributes to b-catenin accumulation in colon cancer cells.
PAK1 activity is required for full Wnt signaling
We next addressed whether PAK1 is required for Wntinduced b-catenin signaling. As Wnt ligand is able to activate Rac1 (Habas et al., 2003; Bikkavilli et al., 2008; Wu et al., 2008) , it is reasonable to speculate that PAK1 could also be activated, via Rac1. As expected, T423-phosphorylated PAK1, an activated form, was induced upon treatment of Wnt3a conditioned medium (CM) (Figure 7a ) or recombinant Wnt3a protein (Figure 7b ) in HEK293T cells. When endogenous PAK1 was silenced using specific siRNA (Figure 7c ), Wnt3a CM-or Wnt1-induced TOPflash reporter expression was significantly reduced (Figures 7d and e) . Moreover, DN-PAK1 also inhibited Wnt3a or Wnt1 signaling (Figures 7f and g ), and PAK1 autoinhibitory domain, another DN form of PAK1, was also inhibitory to Wnt1 signaling (Figure 7g ). In addition, we also found that Dvl2, b-catenin and even S37A b-catenin-induced Wnt signaling were dependent on endogenous PAK1 (Supplementary Figures 5A and B) . To further confirm if PAK1 is required for b-catenin accumulation, we treated mouse L-cells with controlor Wnt3a-CM and detected total b-catenin levels. As shown in Figure 7h , knockdown of PAK1 blocked Wnt-induced b-catenin accumulation. Moreover, IPA-3 could also block Wnt3a-CM-induced b-catenin elevation (Figure 7i ). Together, these results indicate that PAK1 activity is required for full b-catenin accumulation upon Wnt stimulation. Supporting this conclusion, CA-PAK1 was able to enhance signaling from Wnt1, b-catenin, as well as b-catenin S37A (Figures 7j-l) . Western blot further exhibited that CA-PAK1 could enhance Wnt3a-induced cytosolic b-catenin accumulation in HEK293T cells (Figure 7m ). Finally, we found, using immunofluorescence assay, that a strong phos-S675 b-catenin staining was accompanied with the elevation of total b-catenin in L-cells upon Wnt3a stimulation (Supplementary Figure 5C) . In conclusion, these data suggest that Wnt stimulation is able to activate PAK1 and PAK1 activity is required for the full activation of b-catenin. 
Discussion
Over-simplified model suggested that Wnt stimulation blocks the N-terminal phosphorylation of b-catenin and this stabilized form enters the nucleus and activate transcription of target genes. However, there are evidences suggesting that different forms of b-catenin may have distinct transcriptional activities (Lu and Hunter, 2004; Hendriksen et al., 2008) , arguing for further modifications on b-catenin protein. Subsequently, S191 and S605 of b-catenin were found to be phosphorylated by JNK2 and required for its nuclear localization (Wu et al., 2008) . In this study, we demonstrate that PAK1 is capable of phosphorylating b-catenin at its S675 residue and this modification ensures further stability and transcriptional activity. These additional modifications on b-catenin could either be triggered by Wnt stimulation or by other signaling pathways. For example, S191 and S605 phosphorylation could be induced by Wnt stimulation in normal cells, whereas in colon cancer cells, K-Ras mutation may mimic this effect. Similarly, we found that Wnt protein is able to induce PAK1 activation in HEK293T cells and endogenous PAK1 activity is partially required for full b-catenin accumulation in both HEK293T and mouse L-cells upon Wnt stimulation. In colon cancer cells, signaling from K-Ras/Rac1 (Lee et al., 2007; Wang et al., 2010b) , IGF (Sun et al., 2009) or EGF (Galisteo et al., 1996; Lu et al., 1997) pathways all may induce PAK1 activation, which maintains the high phosphorylation state of b-catenin S675.
The oncogenic activity of PAK1 is quite certain; however, its cellular mechanisms are complicated, with diverse signaling pathways implicated. A recent study by Huynh et al. (2010) suggested that PAK1 stimulated colon cancer cell proliferation through AKT and ERK activation. However, we found that b-catenin level and Wnt signaling are heavily dependent on PAK1 activity in colon cancer cells. Our results suggest that activated Rac1/PAK1 strengthen b-catenin protein through S675 phosphorylation, which makes it more stable as well as more active in transcription. These results confirm that Rac1/PAK1 cascade can enhance cyclin D1 expression and cell proliferation, but emphasize that the activation is at least partially via b-catenin signaling.
A K-Ras/Rac1/JNK2 cascade has been proposed to control b-catenin nuclear localization in response to Wnt stimulation, as well as in colon cancer progression (Esufali and Bapat, 2004; Wu et al., 2008; Phelps et al., 2009) . As another downstream effector of Rac1, PAK1 would likely be activated through K-Ras/Rac1, suggesting that a potential K-Ras/Rac1/PAK1 cascade may exist in colon cancer cells. This is consistent with the previous finding that PAK1 functions downstream of Ras in promoting cell proliferation and transformation (Tang et al., 1997; Nheu et al., 2004) . In our Rac1 knockdown cells, nuclear clearance of b-catenin staining (the staining intensity in the nucleus and cytosol became the same) was observed, confirming the previous report (Phelps et al., 2009 ). However, a reduction of total b-catenin level was also evident both in immunostainning and western blot experiments. In contrast to Rac1 knockdown cells, only total reduction of b-catenin was observed when PAK1 was downregulated. In these cells, a brighter nucleus was always detected, suggesting that the PAK1 controls the total level, but not the distribution of b-catenin in colon cancer cells. These results suggest that there are probably two signal branches that are activated by K-Ras/Rac1, of which one is mediated by JNK2 that promote b-catenin nuclear transportation and another is mediated by PAK1 that controls b-catenin stability and transcriptional activity.
A link between Rac1/PAK1 cascade and Wnt signaling further exemplify the complex signaling network underlining tumorigenesis. Targeting PAK1 could be another potential therapeutic strategy for colon cancer treatment. IPA-3, a recently identified allosteric inhibitor for group I PAK, was very effective in blocking colon cancer cell proliferation in vitro (Figures 1g-i) . The administration of IPA-3 in a colon cancer animal model, if possible, will be very interesting. We believe that it is of great importance to further design or screen specific inhibitors targeting PAK1 activation or overexpression for cancer therapy.
Materials and methods
Cell culture HEK293T, HCT116 and mouse L-cells were cultured in Dulbecco's modified Eagle's medium. SW480 cells were cultured in L-15 (Leibovitz) medium. All culture medium were supplemented with 10% fetal bovine serum, penicillin and streptomycin.
Luciferase reporter assay Luciferase reporter assays were carried out in 96-well plates, with triplicates as described previously (Wang et al., 2010a) . DNA per well was: PAK1, 50 ng; Rac1 and its mutants, 50 ng; cyclin D1-luciferase reporter construct, 50 ng.
Transfection and RNA interference Transfections were performed using Lipofectamine 2000 (Invitrogen, Carlsbad, CA, USA, for L-cells or SW480 cells) or VigoFect transfection reagent (Vigorous Biotech, Beijing, China, for HEK293T and HCT116 cells) according to the manufacturer's instructions. APC siRNA (Segditsas et al., 2008) , PAK1 shRNA (Jacobs et al., 2007) Protein stability assay, co-immunoprecipitation assay and western blot Protein stability assay, western blot and co-immunoprecipitation experiments were performed as described previously (Wang et al., 2010a) . To detect the interaction between endogenous PAK1 and b-catenin, SW480 cells were lysed with RIPA buffer (50 mM Tris-HCl pH 7.4, 150 mM NaCl, 1% NP40, 0.25% sodium deoxycholate, 0.1% sodium dodecyl sulfate, 1 mM dithiothreitol, supplemented with protease inhibitor cocktail, 2 mM Na 3 VO 4 and 25 mM NaF) and lysates were immunoprecipitated with anti-PAK1 antibody. The immunoprecipitates were washed with RIPA buffer for three times and subjected for sodium dodecyl sulfate-polyacrylamide gel electrophoresis and western blot. For ubiquitination assay in Figures 4a and b and Supplementary Figure 3C , HEK293T cells expressing exogenous proteins or SW480 cells were lysed with RIPA buffer and lysates were immunoprecipitated with the indicated antibodies for 4 h at 4 1C. Finally, immunoprecipitates were washed four times with RIPA buffer and subjected to western blot with anti-ubiquitin antibody.
Immunofluorescence assay Cells on coverslips were washed with phosphate-buffered saline (PBS), fixed in 4% paraformaldehyde/PBS for 20 min at room temperature and then permeabilized in 0.2% Triton/PBS for 10 min. After 30 min blocking in 2% bovine serum albumin/PBS at room temperature, cells were incubated with following primary antibodies (b-catenin, diluted 1:250 in PBS; P-b-catenin S675, diluted 1:100; c-myc, diluted 1:100) for 1 h at room temperature or overnight at 4 1C. Then, cells were washed three times with PBS for 10 min each and incubated with secondary antibody (donkey-anti-mouse Alexa 568 or goat-anti-rabbit Alexa 488, Invitrogen; diluted 1:500 in PBS containing 2% bovine serum albumin) for 1 h at room temperature. After washing with PBS, cells were incubated with 4 0 ,6-diamidino-2-phenylindole (DAPI, 1 mg/ml; Roche, Indianapolis, IN, USA) for 5 min and then washed three times with PBS and rinsed with ddH 2 O once. Finally, coverslips were sealed with Prolong Gold antifade reagent (Invitrogen). Samples were processed by Zeiss LSM 710 confocal microscope (Carl Zeiss MicroImaging GmbH, Munich, Germany). All immunofluoresence images within each experiment were captured under the same settings. Scale bar, 20 mm.
Immunohistochemical analysis
Immunohistochemistry was performed with human colon carcinoma (grades I-III with normal controls) tissue array (BC05118) by Cybrdi Inc (Xi'an, China). Anti-PAK1 and antib-catenin antibodies were used at 1:25 and 1:200 dilutions, respectively. A semi-quantitative analysis of PAK1 and bcatenin expression in stained sections was performed by an independent pathologist.
